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This paper discusses the effect of stress on the solubility and diffusivity of vacancies using the elasticity 
theory of point defects. To support the discussion, results are compared with DIT calculations to ver­
ify model accuracy. The particular case of vacancies in aluminum is discussed in detail (DFf-elasticity), 
while three other metallic fcc systems - Ni, Cu and Pd - are discussed through the elasticity approach 
only. Different types of loading were considered: hydrostatic, multi-axial and shear stresses. ln the case 
of a uni-axial loading, two different directions were investigated: the first along a main crystallographic 
direction, i.e. (001], and the second perpendicular to the dense plane (111). ln order to quantify the effect 
of stress on diffusivity, the diffusion coefficient of each configuration was expressed for further calcula­
tions. By analyzing the symmetry break during the loading process, non-equivalent atomic jumps were 
identified and diffusion equations obtained. A multi-physic approach was carried out by combining first­
principles calculations, to study atomic-scale processes, and a multi-state formalism. to obtain exact dif­
fusion equations. Results show that elasticity accurately captures the effects of stress on vacancy diffusion 






































The solubility and diffusion mechanisms of point defects are 
ey parameters in many fields, such as phase transformation [ 1 ] ,
orrosion [2]. plasticity [3], oxidation (4]. creep, etc. Vacancies are 
particularly interesting because they are involved in many mecha­
isms and determine physical properties. For instance, vacancies 
articipate in dislocation motions [S]. radiation damage healing 
nd in the diffusion of most atoms in solid solution in materials 
6]. Numerical simulations, and specifically Off calculations, are 
pproaches that can be used to study them in detail. 
ln most cases found in the literature, simulations are carried 
ut at ambient pressure, i.e. the lattice and atomic positions are 
ath relaxed to obtain the atomistic parameters at zero pressure. 
ormation and migration energies are thus computed stress free. 
till, other authors have carried out their simulations at a fixed 
train (with the same lattice parameters). This type of approach 
ecessarily leads to the use of simulations in which the stresses on 
he system are inevitably different. The parameters thus obtained 
re then used in equations to compute vacancy solubility or dif-• Corresponding author. 
E-mail addresses: damien.connetable@ensiacet.fr (D. Connétable), 






usivity, solute diffusion, etc. If thermal expansion is disregarded, 
hese data should be representative enough to describe atomistic 
rocesses. 
However, in real materials, internai or external stresses (or 
trains) are not always equaJ to zero. During thermomechanical 
rocessing or product use, internai or external stresses appear in 
he grains and may reach a magnitude of a few GPa. Structural de­
ects (such as solute atoms, dislocations. precipitates, grain bound­
ries) also induce stresses inside the material. These stresses or 
trains could therefore strongly impact aJI physical processes in 
hich the amount and mobility of vacancies are involved. lt is 
herefore necessary to have a clear description of the effects of 
tress and strain in order to accurately describe the behavior of 
aterials at the atomic scale. This will also help developing new 
aterials and the ever-finer interpretation of the phenomenologi­
al behavior of matter. 
This issue has been present in the literature for many years, 
ut it is only recently that approaches have been developed to ra­
ionalize the effect of stress on vacancies. These effects have been 
tudied for a long time only in the case of semiconductor systems 
or which experimental data are available. The effect of stress has 
een studied in the case of self-diffusion, vacancy diffusion, etc. 
or example, Aziz (7,8] focuses on the effect of pressure on the 














































































































i  ized the effects of hydrostatic pressure and bi-axial stress on dif-
fusion using a thermodynamic approach including atomic param-
eters. A more formal approach is to study vacancy or solutes us-
ing the elasticity theory. Clouet and Varvenne [9–11] rationalized
the elasticity theory by proposing a reliable approach to evaluate
accurately and easily the elastic tensor P which are key parame-
ters with elastic constants of the system. P quantifies rather pre-
cisely the elastic effects induced by the insertion of an atom or a
defect in a crystal. Moreover, such an approach can also be used
to predict the effects of composition, temperature and mechanical
loading on solubility and diffusivity. It has been carried out in the
specific case of carbon insertion in iron [12,13] . This is interest-
ing because, in a bcc-Fe system, carbon insertion induces strongly
anisotropic elastic tensor with high values. 
To include the effect of stress in matter transport, Trinkle de-
veloped [14] a method to take stress into account using the elastic-
ity theory. Tchitchekova et al. [12] also developed a method to de-
termine the energy barriers for interstitial diffusion under a stress
field. 
The methodology presented hereinafter succeeds in taking into
account the effect of stress state within fcc-metals on vacancy sol-
ubility and diffusivity. The implicit effects of temperature on lat-
tice parameters are ignored for simplification purposes. To illus-
trate our approach, the case of aluminum is studied in detail by
comparing elasticity theory and DFT simulations. After validation,
other fcc metals will be discussed, i.e. Ni, Cu and Pd structures, for
which only the elasticity approach will be given. 
In this study, the different loads that were considered should be
sufficiently representative of the main states of stress. The simplest
case, which is hydrostatic stress, but also multi-axial stresses were
examined. Two cases of uni-axial loading were considered, the case
of a loading along one of the main axes of the fcc phase, [001] for
example, and in the direction of the dense plane, i.e. [111]. The case
of bi-axial loading was also considered. In each of these cases, DFT
calculations are compared to the elasticity model in terms of va-
cancy formation energy and vacancy migration energy. Then, con-
centration and diffusion coefficients are calculated to quantify the
effect of stress. This is also an opportunity to discuss vacancy coef-
ficients in systems undergoing a deformation by studying explicitly
the effect of deformation by characterizing the symmetry break.
This work shows that the elasticity theory is able to capture qual-
itatively and quantitatively the physics of the load. 
The DFT procedure is described in Section 2 and the elastic-
ity model in Section 3 . Preliminary results are thereafter presented
and discussed in Section 4 . To conclude, Section 5 examines the
comparison between DFT calculations and elasticity model results
for different loadings. 
2. DFT Approach
2.1. Theoretical calculation method 
Atomistic calculations were performed using density functional
theory (DFT) with VASP (Vienna ab initio simulation package)
[15] . Self-consistent Kohn-Sham equations [16] were solved using
projector augmented wave (PAW) pseudo-potentials [17] , in the
framework of the Perdew-Burke-Ernzerhof exchange and correla-
tion functional (PBE [18] ). For Al, Cu and Pd, calculations were
performed without spin effects, contrary to nickel which exhibits
a magnetism equal to about 0.72 μB per atom. The plane-wave
energy cut-off was set to 600 eV. Equivalent 12 × 12 × 12
Monkhorst-Pack meshes [19] were used to sample the first Bril-
louin zone of super-cells (2 × 2 × 2). Additional simulations were
performed with denser k -mesh grids (up to 24 × 24 × 24) for
the Al system. The value of the vacancy formation energy is then
slightly modified; the difference, about 10 meV for the 2 × 2 × 2uper-cell, remains negligible in view of the numerical cost. Re-
arding the values of the elastic tensor parameters, the difference
s even smaller, less than 0.1%. 
To perform a calculation for a given loading (uni-axial, bi-axial,
hear or hydrostatic stress), the components of the stress tensor
ij were fixed based on the loading during relaxation (super-cell
hape, volume and atomic positions). For instance, in the case of
ni-axial loading along the z direction, a series of calculations were
onducted with different fixed values of σ zz stresses while the
ther stress components were set to zero. The internal energies
and vibrational energies for the hydrostatic loading) for a given
tress were then obtained through simulations, for the system with
efect as well as for the reference state. For each configuration
with and without point defect), lattice parameters and energies
ere fitted as a function of stress with a sixth-order polynomial. 
Considering the transformations that occur under constant tem-
erature T and uniform stress tensor σ , the thermodynamic equi-
ibrium is reached when the Gibbs energy of the system G [ σ , T ] is
t its minimum. In the presence of vacancies, function G includes
he Gibbs energy of formation of a mono-vacancy, G f [ σ, T ] . Forma-
ion of a vacancy in a crystal implies the relaxation of the crystal
attice around the vacancy, the creation of an ad-atom at the sur-
ace of the crystal and a change in the phonon spectrum. In the
resent approach, the Gibbs energy of formation therefore consists
f three terms: 
 
f [ σ, T ] = H rel [ σ] + pV at + G f vib [ σ, T ] . (1)
he first term H rel [ σ] is the enthalpy of relaxation: 
 
rel [ σ] = U f [ σ] − V σi j εrel i j (2)
here U f [ σ] is the change in internal energy due to the atom re-
axation around the vacancy, εrel 
i j 
is the uniform strain resulting
rom the relaxation and V is the volume of the system. The second
erm pV at in Eq. 1 is the work of the system against the external
ressure p when the ad-atom is created. p = − 1 3 σii is the pressure,
nd V at is the atomic volume of the lattice. The last term G 
f 
vib 
[ σ, T ]
is the change in vibrational Gibbs energy due to the vacancy. In the
inear elasticity approach, the vibration effects will be neglected,
o that the enthalpy part of the Gibbs energy of formation will be
xpressed as: 
 
f [ σ] = U f [ σ] − V σi j εrel i j + pV at . (3)
.2. Formation energies 
From DFT calculations, the relaxation part of the internal energy
f vacancy formation in a crystal submitted to a uniform stress σ
an be determined by: 
 
f [ σ] = E bulk+vac o [ σ] −
N − 1 
N 
E bulk o [ σ] . (4)
 
bulk+vac 
o [ σ] and E 
bulk 
o [ σ] are the DFT energies of a super-cell com-
osed of N atomic sites, with and without vacancy, respectively,
omputed for a given stress tensor σ . G f 
vib 
[ σ, T ] corresponds to the
honon contribution to the Gibbs energy of formation calculated at
emperature T . For simplification purposes, it was only taken into




vib [ σ, T ] = G bulk+vac vib [ σ, T ] −
N − 1 
N 
G bulk vib [ σ, T ] (5)
here the vibrational Gibbs energy is expressed by: 







hω n,q [ σ, T ] 
2 k B T 
)]
. (6)
 B is the Boltzman’s constant, ω n,q are the frequencies of all atoms











































































































IFC) were computed using the finite displacements method on
 × 2 × 2 super-cells, to limit numerical costs induced by sim-
lations. G vib [ σ, T ] was then computed using 20 × 20 × 20 q -
eshes. 
In all loadings subsequently considered, there is only one non-
quivalent vacancy. In the dilute approximation, the site fraction
f vacancies at equilibrium, C v , is therefore related to the Gibbs
nergy of formation through the well-known equation: 
 v [ σ, T ] = exp 
[
−G 
f [ σ, T ]
k B T 
]
. (7)
uasiharmonic and anharmonic effects are neglected here for sim-
lification purposes. However, it must be kept in mind that to
ave an accurate description of what happens at high temperature,
hese effects must imperatively be taken into account in the calcu-
ation of the formation free energy as shown by the recent theoret-
cal works [20,21] . Stress effects must therefore be added to these
ffects. But this is out of the scope of this paper. 
.3. Atomic jumps 
To study migration processes, CLIMB-NEB simulations [22] were
onducted on 2 × 2 × 2 super-cells, containing 32 atoms. The
nergy of the transition state was calculated using 600 eV and
2 × 12 × 12 k -meshes to sample the first-Brillouin zone. The
igration enthalpy was taken as the enthalpy difference between
he transition-state and the initial configuration. The phonon con-
ributions to the Gibbs energy were computed for the initial states
is) and the transition states (ts) to compute jump rates. The
honopy package was then used [23] to compute inter-atomic
orces. 
The elementary mechanism of an atomic jump occurs at a fre-
uency  expressed by [24,25] : 











n this equation, H m [ σ] is the migration enthalpy of the jump, i.e.
he enthalpy difference between the transition state and the initial
tate. It is expressed as: 
 
m [ σ] = U m [ σ] − V σi j εm i j (9)
here U m = U f ( ts ) − U f ( is ) is the migration energy and εm =
( ts ) − ε( is ) is the strain of migration. Z is the partition function
inked to the Gibbs free energy of vibration through: 
 vib = −k B T ln Z. (10)
he rest of the study considers that the ratio Z TS / Z IS depends little
n the loading. 
. Linear elasticity approach
Equations presented below are inspired from the work of
augis et al. [13] and derive from the linear elasticity theory of
oint defects [26,27] . The effect of an applied strain or stress can
e achieved using two quantities: the elastic dipole tensor of the
oint defect (vacancy or transition state), P , and the rank-4 stiff-
ess tensor of the lattice, C . They were both computed using DFT
alculations, as detailed in Section 4 . 
When a stress σ is applied to a crystal of volume V containing
 point defect, the resulting uniform strain of the relaxed crystal
s, with reference to the stress-free defect-free crystal: 







here S = C −1 is the compliance tensor. In this equation, S i jkl σkl
s the elastic response of the defect-free crystal and S i jkl 
P kl 
V is theelaxation strain εrel 
i j 
of the defect. Under an uniform strain ε ij , the
ollowing quantity needs to be added to the internal energy: 
 
el = 1 
2 
V εi j C i jkl εkl − P kl εkl . (12)
he second term in this equation accounts for the defect-strain in-
eraction. By combining Eqs 11 and 12 , it can be found that the
lastic contribution to the formation energy of the defect equals
1 
2 V P i j S i jkl P kl . This quantity can be viewed as a correction of the
ormation energy when performing DFT calculations on a super-
ell of finite volume V . Its value does not depend on the applied
tress, therefore according to the elasticity theory the following re-
ationship can be established 
 
f [ σ] = U f [ 0 ] . (13)
his will be verified later in this study. 
Consider now the volume of relaxation tensor of the defect
 kl = P i j S i jkl and the scalar volume of relaxation V rel = tr (V kl ) . Us-
ng tensor V , the effect of stress on the enthalpy function can be
omputed, provided the vibrational effects are neglected. For in-
tance, from Eq. 2 the stress-dependent relaxation enthalpy of a
acancy is: 
 
rel [ σ] = U f − V kl σkl . (14)
t can be noticed that the stress-free enthalpy H rel [ 0 ] corresponds
o the formation energy U f . Eq. 14 defines the change in relaxation
nthalpy resulting from the applied stress: 
H rel = −V kl σkl . (15) 
imilarly the change in formation enthalpy of a vacancy is 
H f = −V kl σkl + pV at . (16)
sing Eq. 7 the effect of stress on the equilibrium site fraction of
acancies is given by: 




k B T 
]
. (17)
Regarding atomic jumps, similarly to the above mentioned rea-
oning, the migration energy is stress-independent: 
 
m [ σ] = U m [ 0 ] , (18)
nd the migration enthalpy is affected by the applied stress ac-
ording to: 
H m = −V kl σkl (19) 
here V kl = P i j S i jkl is the migration volume tensor. We intro-
uced the difference in elastic dipole between the transition state,
 
ts , and the stable state, P vac : P i j = P ts i j − P vac i j . If the transition-
tate had an isotropic symmetry, the migration volume tensor V kl 
ould be reduced to the scalar tensor 1 3 V 
m I , where V m = tr (V kl )
s the volume of migration. This is not the case here, as will be
hown in what follows. The effect of stress on jump frequency is
iven by 








.1. Ground state properties of fcc systems 
As seen above, different parameters are required to use the
lasticity theory, in particular the elastic constants and lattice pa-
ameters of the perfect crystal. They were computed from the
rimitive cells (for elastic constants the linear response was em-
loyed using VASP). Results are summarized in Table 1 and com-
ared to the literature. 
Table 1
Comparison between theoretical/experimental data of lattice parameters ao ,  in Å, and elastic constants Cij ,  in GPa, of Al, Cu, Ni and Pd 
systems. The bulk modulus, B = (C 11 + 2C 12 )/ 3,  and shear modulus, C′  = (C 11 − C 12 )/ 2,  are also given. 
a o C 11 C 44 C 12 C 
′ B
Al 4.04/4.05 [28] 105/116 [28] 33/31 [28] 65/65 [28] 22/26 78/82 [28]
Cu 3.62/3.61 [28] 193/168-173 [29,30] 85/61-76 [29,30] 134/118-129 [29,30] 29/24 [29,30] 154/138 [28]
Ni 3.52/3.52 [28] 272/253 [31] 125/122 [31] 158/158 [31] 57/47 [31] 196/189 [31]
Pd 3.94/3.87 [32] 202/234 [32] 60/71 [32] 153/176 [32] 25/29 [32] 169/181 [28]
Table 2
Stress-free crystal: vacancy formation energy ( U f ), migration energy in first- and second- 
nearest neighboring position (labeled U m1 nn and U 
m 
2 nn ), in eV; formation and migration vi- 
bration enthalpies ( H f v ib and H 
m 
v ib ), in meV. For the 54-atoms case, the rhombohedric rep- 
resentation was used.
nb super-cell k -mesh U f U m1 nn U 
m
2 nn H 
f 




32 2 × 2 × 2 12 × 12 × 12 0.628 0.570 2.325 -8 -26
54 3 × 3 × 2 10 × 10 × 15 0.660 0.549 - - -
108 3 × 3 × 3 10 × 10 × 10 0.639 0.595 2.389 -2 -













































































DFT results (lattice parameters, elastic constants) of all four fcc
systems studied are found in excellent agreement with experimen-
tal and theoretical literature [28–30,32] . In the case of palladium,
Amin-Ahmadi et al. [33] already showed that the ground state of
fcc-Pd is magnetic, in contradiction with experimental findings. For
that reason, it was decided to consider Pd as non-magnetic for fur-
ther calculations. Further discussions will be based on the DFT val-
ues found in this study. 
4.2. Vacancy characteristics 
The Al system is considered representative enough to be fo-
cused on. The following section summarizes the additional param-
eters used in the elastic model, i.e. vacancy formation energy, mi-
gration energy, etc . As the Al system will be stressed, it is impor-
tant to be sure that the common description of diffusion parame-
ters will be precise enough to describe the ground state properties
of the vacancy. 
The size effect of the super-cell was first considered. Tests were
therefore conducted. DFT results, formation and migration ener-
gies, for three sizes of super-cells are given in Table 2 . It can be
noted that, at this stage of approximation, the effect of the super-
cell size on the relaxation energy is small, within a range of 10
meV. The use of small super-cells was considered to be accurate
enough. The vacancy formation energy is equal to about 0.64 eV,
in agreement with earlier works [20,34,35] . This value corresponds
to the low temperature value of the vacancy formation energy, as
already explained, an-harmonic effects are always neglected here,
see Glensk et al. [20] . 
To describe diffusion at the atomic scale, it was considered that
the vacancy jumps to its first-nearest neighboring Al atom: with a
jump rate 12 , as depicted in Fig. 1 . 
The macroscopic diffusion coefficient D of the vacancy is there-
fore given in terms of elementary parameters: lattice parameter,
a , and frequency, 12 . Both depend on stress (for instance p ) and
temperature ( T ). As a function of p and T (in this case, the stress
does not change the symmetry of the system), D is thus given by:
D [ p, T ] = a 2 [ p, T ] 12 [ p, T ] . (21)
In addition to the usual jump, 12 , the jumps towards the
second-nearest Al neighbor, labeled 2 nn , were also considered.
Equation of diffusion 21 should thus be modified into (for simpli-
fication purposes, p and T were omitted): 
D = a 2 ( 12 + 2 nn ) . (22)The effect of super-cell size on migration energies (to 1 nn and
 nn sites) was studied. At ambient pressure (i.e. p = 0 GPa), NEB
alculations were done for both trajectories. Results are summa-
ized in Table 2 . In both jumps, the trajectory is direct and the
ransition state is located in the middle of the path (as in all fcc
ystems). Results also show that the migration energy towards the
 nn positions, about 2.3 eV, is significantly higher than for the
irect jump, 0.6 eV. From a probability standpoint, 2 nn is much
maller than 12 and can be neglected in first approximation, even
nder stress. In what follows, only first-nearest neighboring jumps
ere therefore considered. 
Results for the 1 nn jump are found in excellent agreement with
xperimental and theoretical findings. Mantina et al. [34] (and
eferences therein) for instance obtained a value of 0.6 eV. In
ppendix A , the vacancy concentration and diffusivity were plot-
ed using DFT values. 
Data (formation and migration energies) for Ni [36,37] , Cu
20] and Pd [38,39] , Table 3 , are found in excellent agreement with
heoretical literature. In the case of Ni and Cu [40] , the agree-
ent with the experimental data is rather good, but not for Pd.
or palladium, the experimental values of vacancy formation en-
rgy measured at high temperature is at least 0.5 eV higher than
urs (calculated at 0K) [41,42] . This difference can be explained as
n the case of aluminum. The anharmonic effects at high temper-
ture should have a strong impact and thus modify the values of
he high temperature formation energies. Consequently, the rest of
he study considers that vacancy characteristics resulting from DFT
esults will be considered accurate enough to capture the effect of
tress. 
.3. Elastic dipoles 
In order to complete the basic properties, elastic dipole ten-
ors, P , were computed. To do so, first the perfect system (with-
ut defect) was optimized and then one vacancy was introduced.
tomic forces were thus minimized without relaxing the shape and
olume of the cell. The residual stress tensor, σres , was used to
ompute P , as described by Varvenne [10] . Large super-cells were
sed, i.e. up to 216 atoms, see Table 3 . As explained above, two
ensors are needed: one for the stable state of the vacancy, and an-
ther for the transition state. The dipole tensor of the Al vacancy
n the conventional cubic frame, is written as (in eV): 
 
vac = 
[ −2 . 62 0 0 
0 −2 . 62 0 
0 0 −2 . 62
]
= −2 . 62 I , (23)
Fig. 1. From left to right: detail of atomic jumps for hydrostatic ( p ), [001] ( σ zz ) and [111] ( σ 111 ) uni-axial stresses, and for shear stress in plane [010] ( σ xy ). Letters on figures
correspond to length of boxes.
Table 3
DFT values according to the super-cell size: elastic dipole tensor P (in eV), image interaction energy E d (meV), volume of relaxation V rel (in Å 3 ), 
migration energy, U m in eV, formation energy U f (in eV) and vibration energy U f 
vib 
(in meV). Values from the elasticity theory: volume tensor of 
relaxation V and volume of relaxation V rel (in Å 3 ). In the case of the Al system, a 6 × 6 × 6 super-cell generated from the primitive cell, labeled p , 
was also used. I is the identity matrix. 
super-cell size P (DFT) V (elast.) E d V rel (DFT/elast.) U f U f vib U 
m
Al vac 2 × 2 × 2 -2.31 I -1.57 I 6 -5.01/-4.71 0.642 -8
3 × 3 × 3 -2.52 I -1.72 I 2 -5.17/-5.15 0.639 -2
6 × 6 × 6 p -2.62 I -1.79 I 1 -5.82/-5.36 0.636 -
ts 2 × 2 × 2 
⎛ 
⎝ −1 . 72 −0 . 38 0 . 00−0 . 38 −1 . 72 0 . 00 




⎝ −4 . 66 −0 . 92 0 . 00−0 . 92 −4 . 66 0 . 00 
0 . 00 0 . 00 7 . 94 
⎞ 
⎠ 19 -1.78/-1.38 1.212 -26 0.570
3 × 3 × 3 
⎛ 
⎝ −2 . 12 −0 . 19 0 . 00−0 . 19 −2 . 12 0 . 00 




⎝ −5 . 89 −0 . 47 0 . 00−0 . 47 −5 . 89 0 . 00 
0 . 00 0 . 00 10 . 18 
⎞ 
⎠ 9 -1.56/-1.60 1.234 - 0.595
6 × 6 × 6 p 
⎛ 
⎝ −2 . 29 −0 . 21 0 . 00−0 . 21 −2 . 29 0 . 00 




⎝ −5 . 89 −0 . 50 0 . 00−0 . 50 −5 . 89 0 . 00 
0 . 00 0 . 00 9 . 77
⎞ 
⎠ 2 -2.62/-2.02 1.243 - 0.607
Cu vac 2 × 2 × 2 -3.59 I -1.25 I 12 -3.87/-3.74 1.065 -8
3 × 3 × 3 -3.68 I -1.28 I 4 -3.53/-3.84 1.039 -
ts 2 × 2 × 2 
⎛ 
⎝ −3 . 69 −0 . 80 0 . 00−0 . 80 −3 . 69 0 . 00 




⎝ −5 . 34 −0 . 76 0 . 00−0 . 76 −5 . 34 0 . 00 
0 . 00 0 . 00 8 . 62 
⎞ 
⎠ 12 -2.62/-2.07 1.753 -19 0.688
3 × 3 × 3 
⎛ 
⎝ −4 . 09 −0 . 44 0 . 00−0 . 44 −4 . 09 0 . 00 




⎝ −5 . 83 −0 . 41 0 . 00−0 . 41 −5 . 83 0 . 00 
0 . 00 0 . 00 9 . 33
⎞ 
⎠ 4 -2.54/-2.32 1.779 - 0.740
Ni vac 2 × 2 × 2 -4.41 I -1.20 I 12 -3.81/-3.60 1.445 -8
3 × 3 × 3 -4.67 I -1.27 I 4 -3.80/-3.88 1.430 -
ts 2 × 2 × 2 
⎛ 
⎝ −4 . 52 −0 . 37 0 . 00−0 . 37 −4 . 52 0 . 00 




⎝ −3 . 59 −0 . 24 0 . 00−0 . 24 −3 . 59 0 . 00 
0 . 00 0 . 00 5 . 19 
⎞ 
⎠ 27 -2.35/-1.99 2.478 -19 1.033
3 × 3 × 3 
⎛ 
⎝ −5 . 09 −0 . 13 0 . 00−0 . 13 −5 . 09 0 . 00 




⎝ −4 . 29 −0 . 85 0 . 00−0 . 85 −4 . 29 0 . 00 
0 . 00 0 . 00 6 . 52
⎞ 
⎠ 11 -2.39/2.06 2.487 - 1.057
Pd vac 2 × 2 × 2 -5.79 I -1.83 I 23 -5.82/-5.48 1.176 -3
3 × 3 × 3 -5.98 I -1.88 I 7 -6.35/-5.66 1.155 -
ts 2 × 2 × 2 
⎛ 
⎝ −5 . 14 −0 . 32 0 . 00−0 . 32 −5 . 14 0 . 00 




⎝ −7 . 70 −1 . 37 0 . 00−2 . 37 −7 . 70 0 . 00 
0 . 00 0 . 00 12 . 48 
⎞ 
⎠ 10 -3.88/-2.91 2.031 -27 0.855
3 × 3 × 3 
⎛ 
⎝ −5 . 56 −0 . 46 0 . 00−0 . 46 −5 . 56 0 . 00 




⎝ −7 . 77 −0 . 62 0 . 00−0 . 62 −7 . 77 0 . 00 
0 . 00 0 . 00 12 . 21
⎞ 














here I is the identity matrix. For the transition state, calculated
or a jump in the [110] direction, results give: 
 
ts = 
[ −2 . 29 −0 . 21 0 
−0 . 21 −2 . 29 0 
0 0 1 . 62 
]
. (24) 
As expected from the crystal symmetry, the dipole tensor of the
acancy, Eq. 23 , has an isotropic symmetry. Conversely, the dipole
ensor of the transition state along direction [110], Eq. 24 , exhibits
nisotropy: the [001] axis is compressed during the jump, while010] and [100] axes are under tension. Furthermore, a slight shear
tress of −0 . 21 eV occurs in the (001) plane. As a consequence,
iffusion under applied stress is expected to be anisotropic.
The dipole tensor of migration along direction [110] is obtained
rom Eqs. 23 and 24 : 
P = 
[ 
0 . 33 −0 . 21 0 
−0 . 21 0 . 33 0 




Parameters for the vacancy diffusivity.
Al Cu Ni Pd
U f [eV] 0.636 1.039 1.430 1.155
U m [eV] 0.607 0.740 1.057 0.872
S f [J/K/mol] 9.77 11.44 8.00 4.84
D 0 (10 









































Fig. 2. Formation and migration energies (top) and enthalpies (middle) in alu- 
minum as a function of pressure, under hydrostatic loading. Bottom: lattice param- 












e  from which the volume tensor of migration can be derived (in
eV/GPa): 
V = 
[ −0 . 026 −0 . 003 0 
−0 . 003 −0 . 026 0 
0 0 0 . 072 
]
, (26)
or, as a function of the atomic volume V at : 
V = 
[ −0 . 25 −0 . 03 0 
−0 . 03 −0 . 25 0 
0 0 0 . 70 
]
V at , (27)
with V at = 16 . 5 Å 3 . 
From the symmetry of tensor V , it can be seen that the mi-
gration energies are sensitive not only to the applied pressure and
normal stresses, but also to the shear components in the reference
frame of the crystal. 
As was done for Al, elastic tensors were calculated for Cu, Ni
and Pd metals, see Table 3 . 
This Table also reports the volume of relaxation ( V rel ) when a
vacancy is inserted in the system: the first quantity corresponds
to the DFT value, while the second was computed from the relax-
ation volume tensor. Results show that both quantities are close:
the elasticity theory captures with a good accuracy the relaxation
volume of the vacancy in the systems studied here. The interaction
energy with vacancy periodic images (calculations done at constant
volume, E d ) is always low, about 10 meV, in agreement with the
fact that volume and pressure constant calculations provide equiv-
alent results from 108 atoms. 
The formation and migration energies computed from the
largest super-cells are gathered in Table 4 (first and second lines).
DFT results obtained here are in agreement with the literature
[40,43,44] . Results also show that P converge since 3 × 3 × 3
super-cells. The rest of the study therefore considers these values
to be accurate enough. 
From Al to Pd, the elastic tensor of the vacancy and its tran-
sition state increase. The Ni system, which has the highest elastic
constants, exhibits the lowest anisotropy among transition states.
Therefore, the effect of anisotropy on diffusion was expected to be
small, especially for a non-hydrostatic loading. 
From the additional data summarized in Table B.5 , it can be
concluded that the four fcc metals of the study exhibit a lattice
contraction of about 1/3 of the atomic volume when an atom is re-
moved ( V rel  − 1 3 V at ). Hence, the gap formation volume is always
almost equal to V f  2 3 V at . 
The effect of different stresses on the formation and migration
energies can now be investigated in detail. 
5. Hydrostatic stress
The effect of hydrostatic stress on the solubility and diffusion
of vacancies is the first point investigated. From an experimen-
tal standpoint, the range of hydrostatic stress has no limit. The
maximal pressure is only limited by phase transitions. Under com-
pression (resp. tension) a decrease (resp. increase) in diffusivity is
expected. For this purpose, the different quantities introduced in
Section 3 , i.e. internal energies, enthalpies of vibration and migra-
tion, and jump rates, were calculated using DFT on a set of stresses
for aluminum only. For the system with and without vacancy, the
volume and energy were calculated as a function of stress. DFTesults were computed to generate a polynomial curve fit. From
hese fits, the evolution of lattice parameter, energy and enthalpy
ere deduced as a function of pressure using Eq. 7 (neglecting the
ffect of temperature on internal energy). G f [ p ] was then computed
sing these polynomials. Results are depicted in Fig. 2 . 
The formation and migration energies computed by DFT are
ound almost pressure-independent, except at higher pressures, as
an be seen in Fig. 2 top. Yet even at high pressure, > 4 GPa,
he elasticity theory deviates only a little from DFT results. One
ay to correct this would be to evaluate the effect of stress on
































































Fig. 3. Vibrational formation and migration enthalpies in aluminum as a function











































o  tress-independence was expected from the linear elasticity the-
ry Eqs. 13 and (18) . The slightly positive curvature of the lattice
arameter is explained by the deviation from linearity, Fig. 2 bot-
om. In this graph, a mod refers to the lattice parameter computed
rom the elasticity theory ( Eq. 11 ): 






here B is the bulk modulus. To evaluate the effect of vacancy con-
entration on lattice parameters, + a o C v P vac 11 / 3 BV at must be added
this correction is always the same in the uni-axial and bi-axial
ases) 
When the applied stress is hydrostatic, the equations of elas-
icity can be simplified as follows, to account for the effect of
ressure on the enthalpies. The formation of a vacancy is accom-
anied by a volume increase of the crystal, + V at , and a volume
ecrease due to the atomic relaxation around the vacancy, + V rel .
ence, the total volume change during the formation of a va-
ancy is V f = V at + V rel . From the elasticity theory V rel = tr ( V ) . Cal-
ulations give V rel = −0 . 35 V at , resulting in a volume of formation
 
f = 0 . 65 V at . Then, according to Eq. 16 , the variation H f in for-
ation enthalpy due to the applied pressure is a linear function of
ressure p ( p in GPa): 
H f [ p] = pV f = 0 . 067 p. (29)
Similarly, applying Eq. 19 to the case of hydrostatic pressure,
ith V m = 0 . 20 V at , yields the change in migration enthalpy due to
he applied pressure: 
H m [ p] = pV m = 0 . 020 p. (30)
s can be seen, the elasticity theory predicts that both enthalpies
hould increase as the applied pressure increases. 
Concerning DFT results found, the formation enthalpy evolu-
ion is in agreement with the results of Iyer et al. [45] . The evo-
ution of H f is similar. However, quantitatively, since they used
he Perdew-Zunger functional (PZ81-LDA [46] ), their energies are
igher than those of this study. The formation energy decreases
apidly to reach a value of 0eV for a pressure of 7.5GPa. To deepen
o the work of Iyer, the effect of loading on migration enthalpy was
nvestigated. Results show the same trend as for the formation en-
halpy, as can be seen in Fig. 2 . The height of the barrier decreases
ith pressure, but the slope is smaller than from the formation
nergy. 
When comparing DFT calculations and elasticity theory, it is
lear that the elasticity theory accurately reproduces DFT calcula-
ions of both migration and formation enthalpies. This is due to
he fact that the main effect on enthalpy is included in the pres-
ure term, Eqs. 29 and 30 , as illustrated in Fig. 2 top that shows
he plot of the DFT internal energy U f only. 
From this, a conclusion can be drawn concerning the effect of
ydrostatic pressure on vacancies. All contributions yield the same
ffect: when the pressure applied to the system increases, the
olubility decreases ( H f increases) and the vacancy diffusivity de-
reases ( H m increases). This behavior is consistent with experimen-
al results on most metals [47] . In addition, the good agreement
etween the elasticity model and DFT calculations, even at high
ressures, is noteworthy. The result obtained is consistent with the
dea that as the system expands ( p < 0), vacancies form and dif-
use easier. The increase of lattice parameter induces an increase of
tomic distances which facilitates the formation of vacancies and
educes energy barriers. 
The last effect studied is that of pressure on vibrational en-
halpy. Until now, all vibrational aspects were neglected for sim-
lification purposes, nevertheless, the present DFT calculations are
ble to capture their effect, which is not yet the case of the elas-
icity theory. As was done for the internal energy, G vib of the va-
ancy and of the transition state were computed for different tem-eratures. Results on the formation and migration vibrational en-
halpies are depicted in Fig. 3 . 
Results show that the effect of an hydrostatic loading is still
egligible on the vacancy formation enthalpy and low on the tran-
ition state (a few meV). The main effect remains the pV contribu-
ion. Since the pressure range of hydrostatic stress is the largest,
he effect of loading on the vibrational enthalpy will be neglected
n the rest of the study. 
Equilibrium concentrations and diffusion coefficients of the va-
ancy can now be plotted for all fcc systems considered, see Figs. 4
nd 5 , respectively. Results are plotted using the parameters sum-
arized in Table B.6 in Appendix B . 
Regardless of the metal under tension (resp. compression), the
oncentration and diffusivity of vacancies increase (resp. decrease).
he effect is more pronounced in Al than in other metals. This is
 consequence of Aluminum’s relatively low elastic stiffness. For
ll metals, the highest main effect of pressure is observed at low
nd intermediate temperatures. The increase (in concentration and
iffusivity) can reach several orders of magnitude at room tem-
erature, but only when the pressure is high. For a stress equal
o ± 1GPa, the change in vacancy concentration is about one or-
er of magnitude only. The enhancement on diffusivity is only of
ne order of magnitude, in the range where the model is numer-
cally accurate. The main notable effect of pressure is the increase
n vacancy concentration, in the case of metals with low elastic
tiffness. 
To conclude, the elasticity theory can capture the physics, but
he behavior of the different materials presented here is little in-
uenced by the hydrostatic loading. 
. Uni-axial/bi-axial stress
.1. Formalism 
The case of uni-axial and bi-axial stresses along the main crys-
allographic directions can be treated using the same framework.
n the case of a uni-axial (along, for example, the [001] direction)
r a bi-axial stress (applying an equivalent loading along, for exam-
le the [100] and the [010] directions), the cubic structure evolves
nto a tetragonal structure, where two directions are equivalent.
he initial space group No225 ( F d ̄3 m ) changes into space group
o139 (I4/mmm) for the perfect stressed structure. The atoms in
he lattice are still equivalent, thus there is one type of vacancy. Eq.
 , which gives the vacancy concentration C V , is still applicable in
he present case. In such a configuration however, the degeneracy
f the jump rates is lifted. Two distinct jump rates,  and  ,12 13 






































a  describe the whole migration process: the first one is in the square
plane (labeled 12) and the second one is along the third direction
(13 along z for the uni-axial stress), as displayed in Fig. 1 , b). There
is a symmetry break in the vacancy diffusion coefficient along the
crystallographic direction. The diffusion coefficients in the plane,
D x,y , and along the z direction, D z , are thus given by [48] : {
D x,y [ σzz , T ] = a 2 2 (12 + 13 ) 
D z [ σzz , T ] = c 2 13 
(31)
In the case of a uni-axial stress, a = b and c are, the perpendicular
lattice parameters and the lattice parameter in the direction of the
uni-axial loading ( σ zz ), respectively. All quantities, i.e. a, c , C V , 12 
and 13 , depend on σ zz and T . 
Diffusion coefficients can be approximated, by a Taylor expan-
sion of eq. 31 , using the following equations: {














where 12 [0] is the stress-free atomic jump. 
Equivalent equations were obtained for a bi-axial stress. 
6.2. Results 
6.2.1. Uni-axial stress 
In the case of stress along [001], DFT and elasticity theory re-
sults are drawn in Fig. 6 . As was done for hydrostatic stress, the
evolution of the formation energy, migration energies (perpendic-
ular to and along the stress) and lattice parameters ( a = b and c )re represented. Contrary to hydrostatic stress, the pressures ap-
lied in uni-axial and bi-axial loadings are limited; in this study, it
as chosen to limit the stress value to ± 1GPa. The first discus-
ion focuses on the effect of a uni-axial stress. 
When the metal is pulled (contracted), the system undergoes
 contraction (expansion) in the direction transverse to the stress
irection, see Fig. 6 . This is well explained by the elasticity the-
ry and rationalized by Poisson’s ratio, ν . From the present results,
he ratio δc / δa  0.37 is found in excellent agreement with the
heoretical prediction of Poisson’s ratio for aluminum, which is ap-
roximately equal to 0.34 in DFT (computed from elastic constants)
nd experimentally. The evolution of lattice parameters can be also
ationalized with the following relations: 
a, b = a o 
(
1 − C 12 
6 BC ′ σzz 
)
c = a o 
(
1 + C 11 + C 12 
6 BC ′ σzz 
) (33)
s can be seen in Fig. 6 ( a o is the stress-free lattice parameter and
 
′ the shear modulus). 
Concerning the solubility energy, if the internal energy part, U ,
s directly computed by using DFT results, the correction related to
he elastic energy leads to: 
H= U − V εzz σzz 
= U[ σzz ] − V 
[





here V is the volume of the system and εzz the elongation (con-
raction) under σ zz . Eqs. 3 and 4 are then used to compute H f . 
The behavior observed is the same as for hydrostatic stress, i.e.
 decrease in formation enthalpy when the material is pulled. As














































xpected, a lifting of degeneracy of the migration energies can be
oticed during a tensile or compressive test. An increase in migra-
ion energy along (001) and an opposite mechanism (decrease) in
he plane [110] is observed. 
The energy barriers decrease in the direction perpendicular to
he stress, while they increase in all other directions. 
From the elasticity theory ( Eq. 29 ) the applied stress modifies
he vacancy formation energy via the pressure p = −σzz / 3 , i.e. 
H f = −0 . 022 σzz . (35)
ccording to Eq. 30 , the two migration enthalpies are modified as
ollows:
H m 12 = −0 . 074 σzz 
H m 13 = +0 . 026 σzz . 
(36) 
There is an excellent agreement between DFT simulations and
he elastic model. Contrary to what was found for hydrostatic load-
ng, the evolution of vacancy concentration under a uni-axial stress
s relatively small; the formation energy difference at 1 GPa is be-
ow < 0.1eV. The effect of σ zz on vacancy concentration is thus
ow, as can be seen in Fig. 7 top. However, the symmetry break in
he diffusion coefficient is, on the contrary, more pronounced. 
To clarify, the D x / D z ratio for different loadings is plotted in
ig. 7 bottom. For high positive loadings, a small symmetry break
nd an increase in vacancy diffusivity can be observed. This is why
t would be difficult to identify experimentally. 
The results obtained on the four metals can now be compared.
he slopes of migration and formation enthalpies are gathered in
ables B.5 and B.6 . Results show that the effect of stress dependsittle on the metal species, all slopes are equivalent. Based on alu-
inum results, it can be deduced that the effect of uni-axial load-
ng is thus small. Vacancy concentration changes little as a func-
ion of stress. 
.2.2. Bi-axial stress 
In the case of a [100]+[010] stress, simulations results are de-
icted in Fig. 8 . Results are very similar to those of a uni-axial
oading. 
Qualitatively and quantitatively, uni-axial and bi-axial loadings
ead overall to the same result. On the other hand, the elasticity
heory adequately captures the physics, reproducing DFT results
ccurately. The evolution of the lattice parameters can be described
sing the following equations: 
a, b = a o 
(
1 + C 11 
6 BC ’ 
σxx 
)
c = a o 
(
1 − C 12 
3 BC ’ 
σxx 
) (37) 
Results using the elasticity theory, with σxx = σyy , give: 
H f = −0 . 045 σxx . (38)
nd
H m 12 = +0 . 0051 σxx 
H m 13 = −0 . 046 σxx , 
(39) 
With these parameters, DFT results can once more be repro-
uced with a high degree of accuracy. As in previous cases, it can
e deduced from these results that the vacancy (concentration and
iffusivity) in fcc metals is little affected by a bi-axial stress. It can
lso be noted that the values of H depends little on the metal. 
Fig. 6. Evolution of formation and migration energies as a function of the stress,










Fig. 7. Vacancy concentration (top) and ratio of vacancy diffusion coefficients D x / D z























w{7. Along the [111] direction
For the second uni-axial loading, another direction was con-
sidered: along [111], perpendicular to the dense plane. The F d ̄3 m
symmetry thus changes into a rhombohedric structure: space
group R ̄3 m, No166. In this representation, all lattice parameters are
equal and all angles are also equal but not orthogonal. Two jump
rates ( 12 and 13 ) are necessary to describe the atomistic process
of diffusion. In the cubic representation of the cell, the two param-
eters 12 and 13 are displayed in Fig. 1 c). In the rhombohedral
cell, see Fig. 1 d), the expression of the diffusion coefficient is thusransformed into: 
 [ σ111 , T ] = 
a 2111 
2 
( 12 + 13 ) (40)
 111 corresponds to the lattice parameters of the primitive unit-
ell, the loading is along the [111] direction. However, for simplifi-
ation purposes, a [111] loading can also be represented using the
exagonal representation of the unit cell, as displayed Fig. 1 e). The
tress is thus along the new z axis and diffusion coefficients can be
ritten as: 
D basal [ σzz , T ] = 2 a 
2
basal 
3 ( 3 13 + 12 )






here 13 is the jump rate in the new xy (basal) plane, and 12 
he one along the axial direction. a basal and c h are the new lattice
arameters of the box. This second representation was chosen to
erform calculations (3 × 3 × 2 super-cell, i.e. 54 atoms). 
As for previous cases, there is only one nonequivalent vacancy,
ut there are two distinct jumps. Results are depicted in Fig. 9 .
ere again, the formation energy increases when the metal is
ulled. 
However, the effect on diffusivity, on anisotropy and the ex-
licit stress dependence, is almost non-existent. DFT results are
onfirmed by the elasticity theory. The formation enthalpy depen-
ence is: 
H f = −0 . 022 σ111 . (42)
hile migration enthalpies can be expressed as: 
H m 12 = −0 . 0048 σ111 , 
H m 13 = −0 . 0088 σ111 . 
(43)
Fig. 8. Evolution of the formation (top) and migration (middle energies as a func- 
tion of stress, under a bi-axial stress along [100]+[010]. The evolution of lattice pa- 











Fig. 9. Evolution of the formation (top) and migration (middle) enthalpies as a
function of pressure, under a uni-axial stress along [111], σ 111 (in GPa). The effect






s can be seen, the effect of a uni-axial loading in the dense plane
s negligible, even at 1.5 GPa. All fcc systems considered here show
he same trend, see Tables B.6 and B.5 . 
. Shear stress
Lastly, the effect of pure shear stress σ xy in plane (001) is dis-
ussed The cubic symmetry is transformed into a monoclinic struc-
ure C/2m, No12. There is still only one type of vacancy, but three
ump rates are needed to describe the migration process, as shown
n Fig. 1 . In the xz and yz directions, the lattice remains square, and
n the xy it is diamond-shape. The length of the lattice is neverthe-ess unchanged, diffusion coefficients are thus expressed as: 
D x,y [ σxy , T ] = a 2 4 ( 13 a + 13 b + 2 12 ) 
D z [ σxy , T ] = c 2 12 
(44) 
rom the elasticity theory, a shear stress has no effect on the
ormation enthalpy of vacancies, since the hydrostatic pressure is
ull: 





































c  However, a small effect on energy barriers is found: { 
H m 12 = 0 . 0 , 
H m 13 a = +0 . 0061 σxy , 
H m 
13 b 
= −0 . 0061 σxy . 
(46)
Shear stress σ xy has no effect on the migration along [011], and
opposite effects along [110] and [1 ̄1 0] . 
9. Conclusion
This article presents a full method to study the effect of stress
on vacancy formation and diffusivity energies in fcc systems. Elas-
ticity theory was rationalized by using DFT parameters and com-
pared to first-principles calculations. Results show that both ap-
proaches lead to equivalent results quantitatively until a few GPa,
and qualitatively beyond. The benefit of the elastic approach is that
it allows reproducing loading effects using a few parameters for a
reduced numerical cost as compared to full DFT calculations. Re-
sults also show that the vibrational enthalpy changes little with
the loading. Additionally, a vacancy diffusion equation is proposed
in the case of fcc distorted systems. 
In terms of results, the effect of stress (as well as strain) can
strongly modify vacancy concentration and diffusivity, but mainly
in the case of hydrostatic loading. For high loads, other physical
processes such as dislocations or interfaces, can also change the
amount of vacancies and their diffusivity. It was shown that allFig. A.10. Vacancy and tracer diffusion coefficients, and vacancy cour metals have a very similar stress behavior. The anisotropy in-
uced by the disruption of symmetry is considered low. To further
rove this point, experiments on soft materials should be carried
ut. The present results can probably be extended to other materi-
ls and in particular to bcc and hcp systems. 
These results can significantly improve the understanding of
hysical processes within materials undergoing local or global de-
ormations. 
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ppendix A. Parameters at 0 GPa 
Results on the vacancy and tracer diffusivity and the vacancy































ion and migration energies are given in Table 3 , vibrational en-
halpy and entropy are included in the calculations. 
Based on these results and the vibrational partition functions
f the transition and stable states, the vacancy diffusion coeffi-
ient D ( T ) was computed and fit using an Arrhenius function of the
ollowing form D 0 exp ( −Q/k B T ) . The tracer diffusion coefficients,
 
∗C 1 v ∗D 1 v , were also drawn. 
The vacancy formation entropy (at high T ), S f , was also calcu-
ated. S f is expressed as: 
 
f = S vib [(N − 1) .Al] −
N − 1
N 
S vib [ N.Al] (A.1)
here the phonon entropy, S vib , corresponds to the high tempera-
ure value (at 0K, S vib = 0 ). 
In fine , diffusion coefficients ( D o = 3.6 10 −6 m 2 / s and Q = 1.24 eV)
re in excellent agreement with experimental values, see Mantina
34] for instance for Al. S f  1.17 k B or 9.8 J/K/mol, to be compared
o the experimental value ranging from 0.7-1.1 k B unit [34] .
ppendix B. Results 
Results of the elastic model computed using DFT values from
able 3 are summarized in Tables B.5 and B.6 . Data are computed
FT calculations with 3 × 3 × 3 super-cell sizes. Table B.5
Atomic volume ( V at ), relaxation volume ( V 
rel ) and
Changes in formation enthalpy ( H f , in eV) due 





V f / V at 0.67
hydrostatic H f 0.067 p
uni-axial [001] H f −0 . 022 σzz
bi-axial [100] + [010] H f −0 . 045 σxx
uni-axial [111] H f −0 . 022 σ111
shear (001) H f 0.
Table B.6
Migration dipole tensor ( P, in eV) and migration volume tensor ( V, in Å 3 ) fo
eV) due to stress ( p or σ , in GPa) for various jumps. From DFT calculations (3 ×
stress state Al Cu
P
⎛ 
⎝ 0 . 33 −0 . 21 0 . 00−0 . 21 0 . 33 0 . 00 




⎝ −0 . 41 −0 . 44−0 . 44 −0 . 41
0 . 00 0 . 00
V
⎛ 
⎝ −4 . 12 −0 . 49 0 . 00−0 . 49 −4 . 12 0 . 00 




⎝ −4 . 55 −0 . 41−0 . 41 −4 . 55
0 . 00 0 . 00
hydrostatic H 12 0.020 p 0.0094 p
uni-axial H 12 −0 . 074 σzz −0 . 0662 σzz
[001] H 13 +0 . 026 σzz +0 . 0284 σzz
bi-axial H 12 +0 . 0051 σxx +0 . 0568 σxx
[100] + [ 010 ] H 13 −0 . 046 σxx −0 . 0378 σxx
uni-axial H 13 −0 . 0088 σ111 −0 . 0014 σ111
[111] H 12 −0 . 0048 σ111 −0 . 0049 σ111
shear (001) H 12 0. 0.
H 13 a +0 . 0061 σxy +0 . 0052 σxy
H 13 b −0 . 0061 σxy −0 . 0052 σxyppendix C. Tri-axial case 
In the case of a tri-axial stress, the fcc system evolves into
 Fmmm (No69) orthorhombic structure. Three non-equivalent
umps are used to describe vacancy diffusion: 12 , 13 and 14 .
he convention is the same as the one used in Fig. 1 . The diffusion
oefficients become: 
 x = a 
2
2 
( 12 + 13 ) (C.1) 
 y = b 
2
2 
( 12 + 14 ) (C.2) 
 z = c 
2
2 
( 13 + 14 ) (C.3) 
here a, b and c are the deformed axes.  formation volume ( V f ) of a vacancy, in Å 3 . 
to an applied stress ( p or σ , in GPa). From






0.049 p 0.042 p 0.058 p
−0 . 016 σzz −0 . 014 σzz −0 . 019 σzz
−0 . 032 σxx −0 . 028 σxx −0 . 039 σxx
−0 . 016 σ111 −0 . 014 σ111 −0 . 019 σ111
0. 0. 0.
r an atom jump in direction [110]. Changes in migration enthalpy ( H m , in 
3 × 3 super-cell) and elasticity theory of point defects. 
Ni Pd
0 . 00
0 . 00 




⎝ −0 . 42 −0 . 13 0 . 00−0 . 13 −0 . 42 0 . 00 




⎝ 0 . 42 −0 . 46 0 . 00−0 . 46 0 . 42 0 . 00 









⎝ −3 . 01 −0 . 083 0 . 00−0 . 083 −3 . 01 0 . 00 




⎝ −5 . 88 −0 . 61 0 . 00−0 . 61 −5 . 88 0 . 00 
0 . 00 0 . 00 14 . 1
⎞ 
⎠ 
0.0101 p 0.0145 p
−0 . 0486 σzz −0 . 0880 σzz
+0 . 0188 σzz +0 . 0367 σzz
+0 . 0376 σxx +0 . 0735 σxx
−0 . 0297 σxx −0 . 0512 σxx
−0 . 0033 σ111 −0 . 0023 σ111
−0 . 0040 σ111 −0 . 0074 σ111
0.
+0 . 0010 σxy +0 . 0077 σxy
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